Five rates of nano-silica (NS) suspensions (0, 100, 200, 300 and 400 mg L -1 ) were used to study their effects on seed germination and growth development of cucumber (Cucumis sativus). The rate of 200 mg L -1 significantly increased final germination%, germination speed, vigor index, and germination index by 28.7, 70.3, 46.7 and 68.8 %, respectively, compared to untreated seeds. However, it reduced the mean germination time by 31.7%. Similarly, 200 mg L -1 NS had the highest fresh and dry weight of germinant. However, all NS treatments enhanced the seed germination and growth development in comparison to control.
Introduction
Although Si has a pivotal role in humans and is classified as trace necessary element, its essentiality for higher plants is not documented well in recent publications and still under debate. Plant physiologists identify Si as beneficial element based on fact that plant can complete its life cycle without Si addition. Design a free-Si growth medium for plant, however, is difficult so it is not sure that if plants are able to successfully complete their life cycle apart from Si supply (Epstein, 1999 and 2009 ). The role of Si in life cycle of lower forms of life such as corals, diatoms and sponges was known and established in 1960s (Carlisle, 1997) . Many publications, recently, documented that some plants particularly ferns and monocots (such as wheat, rice and corn) uptake Si in amounts higher than some macroessential elements and they are able to accumulate Si in high amounts in their tissues (0.1-15% of their dry masses according to plant species) (Takahashi et al., 1990; Ma et al., 2001; Ma and Takahashi, 2002; Hodson et al., 2005; , and they named these plants as Si-accumulators. This knowledge could support considering Si as essential element for plants as in human. Moreover, Si alleviates many of biotic (e.g. diseases, fungi, pathogens and herbivores) and abiotic stresses (e.g. drought, salinity, UV light, lodging and low/ high temperature) in plants and helps them to tolerate these unfavourable growth conditions (Farooq et al., 2015) .
Occurrence of Si in soil solution in available form for plants whether indigenously (from weathering silicate-containing rocks) and/ or artificially (from silicate-containing fertilizers) was found to positively affect soil properties and increase availability of phosphorous (Fischer, 1929; Brenchley et al., 2008) . This could be due to the role of Si to increase levels of organic phosphoesters when phosphorous is low in soil solution, subsequently enhance uptake and use of phosphorous in plant tissues (Cheong and Chan, 1973) . Contrarily, Si declines the toxicity of excess phosphorous in soil through decreasing its availability. So, Si creates a buffer system for phosphorous in soils (Ma et al., 2001) . Likewise, Si application via silicate-containing fertilizers reduces the toxic effect of many heavy metals such as cadmium (Cd), arsenic (As), aluminum (Al), zinc (Zn), iron (Fe) and manganese (Mn) by forming insoluble complexes with them (Liang et al., 2005; da Cunha et al., 2008; Naeem et al., 2014) . However, these immobilized metal complexes act as a good source for plant nutrition under metal deficiency periods by remobilizing these complexes and make them available for plants as assessed for iron in cucumber and soybean (Gonzalo et al., 2013; Pavlovic et al., 2013; Bityutskii et al., 2014) . Plants can uptake Si either through active or passive transportation depending on plant species. Many studies reported that specific monocots such as wheat, rice, maize and barely uptake Si mainly by active transport system (Takahashi et al., 1990; Mitani et al., 2009; Ma et al., 2011) and accumulate Si in their tissues in high amounts, therefore they decrease the free Si concentration in soil. These Si-accumulators accumulate Si in their above ground parts as phytoliths (Ma and Yamaji, 2006) . Although Si represents 28% from the earth's crust, adding Si to soil and plants as fertilizer is considerably required to increase its available concentration in soil solution, and thus guarantees adequate Si supply for plants. Manufacturing essential and/ or beneficial elements in nanoscale and introduce them to plants as biofertilizers has gained the attention of researchers during last decade. Their unique characteristics provide them advantage for uptake by plants over traditional forms of fertilizers due to the tiny size that give faster access throughout the channels and pores located in cell wall.
Silicon (Si) is the second most abundant element in the soil. Silicon plays an important role in plant growth in protecting plants against changes in environmental conditions. However, silicon is not considered an essential element. Recently, numerous studies have shown that treatment with silicon significantly alleviated salt, drought, chilling and freezing stress in plants (Almutairi, 2016) . Additionally silicon acts as growth stimulant, e.g for larger leaves (McNaughton, 1985) with bigger biomass (Epstein, 1999) and increases the yield of crop plants like sugar cane or rice (Savant et al., 1999; Korndorfer et al. 2001) . Silicon promotes several physiological processes in plants (Korndorfer et al. 2001) . The Si treatments were considered beneficial to plant growth and production (Liang et al., 2007; .
Nanosilica is an important metal oxide that covers all major fields of science and technology including industrial, electronics and biomedical applications (Paulkumar et al., 2011; Dinda et al., 2012; Cheng et al., 2008) . Agricultural application of nanoparticles is currently an interesting area of interest (Karunakaran et al., 2013) . The introduction of nanoparticles into plants might have significant impact and thus, it can be used for agricultural applications for better growth and yield. Generally, several studies are made on toxicity of nanoparticles on seed germination which are based on germination rates obtained with response to nanoparticles (Josko, and Oleszczuk, 2013; Lin and Xing, 2007 ). An earlier study shows that the addition of nanosilica in soil enhances growth of maize (Zea mays L.) (Yuvakkumar et. al, 2011) . Even though different sources of silica are used as silicon fertilisers, ecotoxicological properties and the risks of silicon fertilizers in terms of soil microbial health and soil nutrient values are found to be scanty to the best of our knowledge. It is well known that plant growth promoting rhizobacteria (PGPR) plays a key role in recycling and maintenance of soil health which improves plant growth (Supanjani et al.,2006; Khakipour et al., 2008; Ortíz-Castro et al., 2008; Gholam et al., 2009) . Nanosilica promoted seed germination percentage (100%) in maize than conventional Si sources (Karunakaran et al., 2013) . They added that almost all the seeds are germinated in the pot containing nanosilica, giving 100% seed germination followed by control (95%), micron silica (97%), tetraethyl orthosilicate (TEOS, 83%), silicic acid (73%) and sodium silicate (5%).
Silicon nanoparticles (N-Si) have been implicated in crop improvements. Many reports indicate that appropriate concentrations of N-Si increase seed germination (Karunakaran et al., 2013) , plant growth (Yuvakkumar et al., 2011) and plant resistance to hydroponic conditions (Suriyaprabha et al., 2012) . Recently, the role of N-Si in the mitigation of salt stress received worldwide attention because of reports about the ability of N-Si to counteract the negative effects of salt on plant growth rates. Haghighi et al. (2012) found that N-Si reduced the negative effects of salinity on tomatoes during germination, in which treatment with 1 mM N-Si increased the germination rate, root length and dry weight of tomato plants in 25 mM NaCl conditions. By contrast, 2 mM N-Si inhibited the germination of plants grown in 50 mM NaCl conditions. Sabaghnia and Janmohammadi (2014) found that the application of 1 mM nano-silicon dioxide (N-SiO2 ) provided considerable alleviation of the adverse effects of salt stress on the germination percentage of lentil seeds. The length of the roots and shoots, seedling weight, mean germination time, seedling vigour index and seed reserve mobilization were also positively affected. In a study by Abdul Qados and Moftah (2015), the application of Si and N-SiO2 significantly increased the germination of Vicia faba L. seeds under 107 salinity stress. Among the treatments, the 2 mM Si and the NSiO2 treatments improved germination characteristics. Relative water content, plant height, and fresh and dry weights also increased in treatments with Si or N-Si. In basil (Ocimum basilicum), leaf dry and fresh weights, chlorophyll content and proline content increased after treatment with NSi under salinity stress (Kalteh et al., 2014) . The germination percentage and germination rate of tomato seeds and the root length and fresh weight of tomato seedlings were increased after exposure to N-Si under NaCl stress (Almutairi, 2016) . The current research aimed to investigate the effect of silica nanoparticles on seed germination of cucumber and its development after germination.
Materials and Methods

Seed Germination of Cucumber
Random completely randomized design with three replicates and four different concentrations of nano-silica suspensions (ns0, ns100, ns200, ns300 and ns 40 as 0, 100, 200, 300 and 400 mg L -1 , respectively) were used to compare their effects on seed germination of cucumber (Cucumis sativus) and distilled water was applied as a control. Nano-silica suspensions were prepared using synthesised hydrophilic nano-silica (Aerosil 300 produced by Evonik Industries, Germany) which has a specific surface area of 270-330 m 2 g -1 , pH (3.7-4.5), and mean diameter (10 nm). Fifteen seeds of cucumber per each replicate were washed thoroughly with distilled water then immersed in hypochlorite solution 10% for 5 minutes for surface cleaning before experiment. Then seeds were equally distributed on doubled filter paper in a 15 cm diameter sterilized petri dishes to allow seeds to germinate. Seeds of each treatment were first soaked in nano-silica suspension (with same concentration as applied in its nano-silica treatment) for 4 hours before transplanting. Each replicate received 15 mL of its tested nano-silica treatment. All petri dishes were sealed well to prevent drying and maintained moist and wet across the experiment period of 10 days. All petri dishes were placed in dark place with room temperature of 23 ±2 C˚. Daily count of germinant was done from the onset of germination up to 10 days thereafter with minimum length of 2 mm emergent radicle. At the end of experiment, fresh and dry masses were taken for each replicate. Germination indicators were calculated as follow: a) Final germination percentage (FGP) was computed as percentage (Ranal and Santana, 2006) using the formula:
Where, FGP = final germination percentage; TNG = total number of germinated seeds; and TNP = total number of planted seeds. b) Mean germination time (MGT) was calculated by formula cited by Mauromicale and Licandro (2002) given below:
Where, MGT = mean germination time; ni = the number of germinated seeds on day ti; ti = the number of days during the germination period (between 0 and 10 days);
The mean germination time was used to evaluate seedling emergence. c) Germination speed (GS) was computed as described by (Czabator, 1962) using the formula presented below:
GS = ( )
Where, GS = germination speed. d) Vigor index (VI) was calculated using the formula of Kharb et al. (1994) , as follows: VI = SDM(g) * GP 100 Where, VI = vigor index; SDM = seedling dry mass (g); GP = germination percentage. c) Coefficient of velocity of germination (CVG) was calculated after Jones and Handreck (1967) by the following formula:
Where, CVG = coefficient of velocity of germination.
f) Germination index (GI) was computed as in the Association of Official Seed Analysts (AOSA, 1983) by following formula: GI = n d Where, GI = germination index; n = number of seedlings emerging on day 'd'; d = day after planting.
Growth of Cucumber Seedlings
The aim of this experiment was to study the development of cucumber seedlings within the first three weeks after germination. Therefore, plastic pot (5 cm x 5 cm x 8 cm) was filled with 115 g of nursery mixture comprising of sand and peat moss at 1:1 ratio with saturation percentage of 80%. Seeds of cucumber were washed thoroughly with distilled water before soaking in nano-silica suspension for four hours according to their treatment before sowing. One seed per each pot was covered by 1 cm layer of growth mixture (sand and peat moss), and irrigated by distilled water during experiment to keep it wet at almost 65% from its saturation percentage. The pots were placed in greenhouse with average daily temperature of 24±2 C˚. Nano-silica treatments were 0, 100, 200, 300, and 400 mg L -1 . Each pot received 100 mL of its treatment of nano-silica suspension. The nano-silica dose was divided on weekly basis to 50% (50 mL) before planting and second 50% (50 mL) one week after transplanting. All measurements of shoot length, root length, and dry shoot and root masses were taken after three weeks.
Statistical Analysis
Data analysis was performed using Microsoft Excel 2010 (mean values and standard deviation) from two individual experiments, and the statistical analysis was conducted using the XLSTAT software package. When a significant difference was observed between treatments, multiple comparisons were made by the Fisher's test. Significant differences were accepted at the level p<0.05.
Results and Discussion
Seed Germination Indices
Analysis of variance of The Growth characteristics, yield and yield components
Analysis of variance of the cucumber seed growth characteristics under the effects of five nano-silica levels are presented in Table  ( 1). The results revealed significant differences due to applied nano-silica with regard final growth percentage (FGP, p < 0.01), growth speed (GS, p < 0.001), coefficient of velocity of germination (CVG, p < 0.001), mean germination time (MGT, P < 0.01) vigor index (VI, p < 0.05) and germination index (GI, p < 0.001). These findings are consistent with the results found Sabaghnia and Janmohammadi (2014) found that the application of 1 mM nano-silicon dioxide (N-SiO2) has a positive effect on the length of the roots and shoots, seedling weight, mean germination time, seedling vigour index of the lentil seeds.
Final germination percentage (FGP)
Data presented in Table 2 showed the calculated values of final germination percentage (FGP, %) of cucumber's seeds after treating with different nano-silica concentrations. All nano-silica treatments, significantly, recorded higher FGP compare to untreated seeds with nano-silica (control). However, treatments of 200 and 300 mg L -1 nano-silica achieved 100% FGP after 10 days, while control seeds germinated with 77.7%. FGP of seeds received 100 and 400 mg L -1 nano-silica was 95.3 and 93.3 %, respectively. The rate of 200 mg L -1 increased final germination% by 28.7% compared to untreated seeds. Crop productivity depends on many genetic and environmental factors, seed germination is considered the primary step that ensures and determines whether the further agricultural practices and final production will achieve the desire yield or not (Bhattacharjee 2008; Al-Mudaris 1998) . Our recent results are in agreement with those reported by Lu et al. (2015) who mentioned that FGP of tomato increased by 70.3 % after application of nanosilica suspension with 5 g L -1 against control seeds. Likewise, an increase of 2-11 % was found in seed germination of maize after treating with nano-silica (Yuvakkumar et al., 2011) . Germination of rice seeds was induced also by using nano-silica as reported by Nair et al. (2011) .
Germination speed(GS)
Germination speed (GS, %/day) describes in details the dynamics of germination, where it shows how many seeds germinate per day. The values of GS are depicted in Table 2 . Control seeds of cucumber germinated daily by 21.2 %, while treated seeds with nano-silica had a daily germination percentage of 30.1 % as the lowest recorded value in case of treatment of 100 mg L -1 nano-silica. However, treating seeds with 200 mg L -1 nano-silica germinated by the highest GS (36.1 % as comparison with control treatment). These results prove that nano-silica significantly and positively induces seed germination of cucumber in comparison with control seeds. Our data is confirmed by those findings of Khalaki et al. (2016) who cited that GS of Thymus kotschyanus enhanced by application of nano-silica under in vitro circumstances.
Coefficient of velocity of germination (CVG)
Coefficient of velocity of germination (CVG) is an indicator for germination rapidity. Its value depends on how many seeds are germinated, as number of germinated seeds increases as CVG increases and germination time decrease. The highest possible value of CVG, theoretically, is 100 (Al-Mudaris, 1998). Using of nano-silica in the current investigation resulted in significant differences in CVG values between control seeds of cucumber and treated seeds with nano-silica as shown in Table 2 . Untreated seeds had a CVG of 24.9, but treated seeds with different nanosilica concentrations, on the other hand, had higher values. The highest recorded CVG was 35.2 (41.40 % as comparison with control treatment) when nano-silica was applied with concentration of 200 mg L -1 . However, the higher concentrations of nano-silica e.g. 300 and 400 mg L -1 , also increased the CVG than control recording 31.1 and 30.7, respectively.
Higher values of CVG are indicator for the good effect of used treatments as the ideal value of CVG is 100.
Mean germination time (MGT)
The time that a seed needs to start and end its germination is called mean germination time (MGT). MGT is measured by unit of day or simply how many days seeds need to complete their germination. Shorter time of germination, of course, is better than longer time, therefore any treatment will diminish the MGT will be important and its effect will reflect on vigorousness of seedlings and finally the productivity. Figure 1 presents data of MGT of cucumber seeds during the germination experiment. Application of nano0silica found to have significant effect on MGT of seeds where significant differences were calculated. When control seeds required 4.1 day for complete germination, treated seeds with 200 mg L -1 nano-silica needed only 2.8 days. Furthermore, other nano-silica treatments such as 100, 300 and 400 mg L -1 found to reduce the MGT in comparison to control seeds. Similarly, Suriyaprabha et al. (2012) found that nano-silica positively decreased the MGT of maize seeds, but Na2SiO3 increased the MGT while micro-SiO2 and H4SiO4 had no effect on MGT of Maize seeds during the germination process. Also, these results confirmed by experiment done by Azimi et al. (2014) who reported that adding nano-silica by 40 mg L -1 diminished the MGT of tall wheatgrass seeds to the shortest germination period that has been recorded.
Vigor index (VI)
Results of vigor index (VI) of cucumber seeds treated with and without nano-silica are denoted in Fig. 1 . As the higher the vigor index, as the stronger the seedling. Clearly, germinating cucumber seeds in presence of nano-silica resulted in vigor seedlings compared to control. All treatments of nano-silica had higher VI than control seeds. The highest measured VI was found when seeds received 200 mg L -1 nano-silica. However, VI of 2 and 2.1 was found at 100 and 300 mg L -1 nano-silica compare to VI of 1.5 for control seeds.VI is an important characteristic of seed germination, this importance comes from its ability to determine and specify if seedlings will be able to keep growing well after germination or not. Our results are supported by other results cited by Azimi et al. (2014) who said that adding nano-silica by 40 mg L -1 increased VI of tall wheatgrass seeds by 120% against control seeds. In the same way, Lu et al. (2015) found that treating tomato seeds with 7 g L -1 of nano-silica increased its VI.
Germination index (GI)
Germination index (GI) is a function of germination percentage and rate of germination. High values of GI give information that most seeds germinate early in short period of time, while low values mean most of seeds germinate late close to 10 th day of germination (Al-Mudaris, 1998). Absence of nano-silica from germination medium as in control reduced GI values recording 3.2, while using nano-silica with concentration of 200 mg L -1 in germination medium increased GI to be 5.4 as the highest measured value among all treatments (Fig. 1) . However, all nano-silica treatments had higher and significant GI than control. GI for treatments of 100, 300 and 400 mg L -1 nano-silica was 4.5, 4.9 and 4.5, respectively.
Fresh and dry weight of germinant
Data of fresh (FW) and dry (DW) weight of germinant as well as its relative water content (RWC) are presented in Table 3 . As a consequence for inducing germination percentage and producing vigor germinant by using nano-silica, all vegetative parameters were also enhanced significantly by adding nano-silica for growth medium. Almost, all treated seeds with nano-silica had higher values of FW, DW and RWC than untreated seeds. From the presented data, application of nano-silica by 200 mg L -1 achieved the highest values of FW, DW and RWC recording 0.317 and 0.022 g germinant -1 and 93.0 %, respectively. However, the difference between other nano-silica treatments (e. g. 100, 300 and 400 mg L-1) were insignificant.
Growth of Cucumber Seedlings
Root and shoot length
Seedlings of cucumber were grown on mixture (50:50) sand: peat moss for three weeks under greenhouse conditions to monitor the dynamic and development of seedlings after treating with different concentrations of nano-silica. Application of nano-silica to growth medium enhanced gradually the length of root and shoot systems of cucumber seedlings up to 200 mg L -1 nano-silica, then reduced linearly but still higher than control seedlings (Table 3 ). The longest root and shoot systems were found when nano-silica was used by rate of 200 mg L -1 recording 6.51 and 5.10 cm, respectively. When control seedlings had 3.82 cm shoot length, the shortest shoot found under nano-silica treatments was 4.38 cm at treatment of 400 mg L -1 (Table 4 ).
Dry weight of root and shoot
Dry weight of cucumber seedlings after three weeks was improved by using nanosilica, as treated seedlings with nano-silica possessed higher root dry weight compared to control seedlings (Table 4 ). Significantly, root dry weight increased when 100 mg L -1 nanosilica was applied to cucumber seedlings recording the highest dry weight (0.143 g plant -1 ) of root system among all other treatments including the control (Table 4) . Increasing concentration of nano-silica above 100 mg L -1 gradually decreased dry weight of root system but still higher than untreated seedlings with nano-silica. Same tendency was found for shoot dry weight except that the highest dry weight of shoot was 0.120 g plant -1 at treatment of 200 mg L -1 , then values decreased with increasing nano-silica doses. The lowest shoot dry weight was 0.077 g plant -1 at control treatment (Table 3) . Similar results were documented by other authors such as Siddiqui and Al-Whaibi (2014) who cited that both fresh and dry weights of tomato seedlings induced by using nano-silica. In addition, Suriyaprabha et al. (2012) introduced the same trend for maize plants.
Conclusion
Recently, nanoparticles were intensively used in agricultural sector because their welldocumented benefits. The crop productivity primarily relies on germination, as success germination ensures suitable number of plants per cultivation area. In addition, the strong seedling guarantees well growing even under biotic and abiotic stresses. In the current research, the importance of nano-silica for seed germination of cucumber seeds was illustrated. However, all treated seeds with nano-silica had better and higher values for all germination parameters and indices. Among nano-silica treatments i.e., 100, 200, 300 and 400 mg L -1 , treatment of 200 mg L -1 showed the best effect on all germination and growth characteristics. The highest final germination percentage, germination speed, coefficient of velocity of germination, vigor index, germination index and shortest mean germination time were found when nano-silica was applied with rate of 200 mg L -1 . Likewise, the vegetative parameters such as fresh and dry weights shoot and root length and relative water content were also higher under treatment of 200 mg L -1 . From results mentioned above it could be concluded that application of 200 mg L -1 nano-silica is important for germination and growing of cucumber in order to maximize its productivity. This good and desire effect of nano-silica maybe attributed to its small size which allows it to easily cross the cell wall and alert many physiochemical processes which accelerate the germination and growth. * Fresh weight (g germinant-1);** dry weight (g germinant-1);*** relative water content (%). Different letters in same column show significant differences among each group of treatments according to Fisher's test at p < 0.05. Nano-silica doses (mg L -1 )
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